A novel dual-polarized magneto-electric dipole antenna is developed for the next 5G wireless communications. The antenna is composed of four fishtail-shaped patches horizontally placed and four vertically placed patches shorted to the ground. The operation frequency band of the studied antenna is ranged from 3.05 to 4.42 GHz with SWR ≤ 1.5, covering the entire N77/N78 band for sub-6GHz 5G wireless communications. The measured gain varies from 7.09 to 9.36 dBi with high front-to-back ratios, meanwhile, very stable HPBWs at both horizontal plane (H-plane) and vertical plane (V-plane) within the frequency band of interest are found for the two polarizations, showing a promising candidate of this antenna for sub-6GHz 5G wireless communication applications.
I. INTRODUCTION
The 5th generation (5G) of mobile and wireless technology characterizes not only the improvement of communication capacity and data rate, but also a new paradigm for the wireless communication systems. The multi-layer spectrum approach caters for different connectivity requirements in multiple scenarios that form the internet of things. It is thought that the sub-6GHz band ranging from 2 to 6 GHz serves as the primary frequency band for the introduction of the 5G, providing an optimal balance between coverage and capacity, especially for the N77 (3.3 GHz-4.2 GHz), N78 (3.3 GHz-3.8 GHz) and N79 (4.4 GHz-5.0 GHz) bands [1] .
Since Chlavin formulated the concept of complementary antenna, also known as the magneto-electric (ME) dipole [2] , such a kind of antenna was attracted great attentions to date owing to its advantages of broadband, low cross-polarization radiations, high front-to-back ratios (FBRs), and more importantly, constant gain and symmetric radiation patterns. In [3] , a novel realization of the ME dipole consists of a horizontal electric dipole, a vertical patch antenna shorted to the ground and a -shaped strip (probe) for the feeding line.
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The design enables a simple method to excite the electric and magnetic dipoles simultaneously with equal amplitude and in phase while achieves a wide impedance bandwidth of 44% with SWR ≤ 1.5. Moreover, symmetric radiation patterns, low cross polarizations (> 20 dB), high FBR (> 20 dB) and constant beamwidths as well as radiation patterns were observed within the operation frequency band. Subsequently, ME dipole antennas with different structures and radiation characteristics were studied for various potential applications [4] - [14] . The shorted bowtie electric dipole in [4] has an impedance bandwidth of 84% with small size. In [5] , a wideband directional antenna composed of a shorted bowtie patch with an electric dipole attached above was presented. The shorted bowtie patch antenna achieved a relative bandwidth of 62% ranging from 2.18 to 4.11 GHz, while introducing the electric dipole can enhance the gain, improve the FBR, stabilize the gain and radiation patterns. A similar approach is utilized to achieve a wide impedance bandwidth of 87% with SWR ≤ 1.5, but suffering from the main beam deformations at the upper band [6] . On the other hand, dual-polarization technique has been widely used in mobile communications to increase the channel capacity and reduce the costs [7] - [11] . A dual-polarized shorted bowtie antenna integrated with a cross dipole is presented [7] .
Stable and symmetric radiation patterns at slanted ±45 • polarizations with isolation over 28 dB have been realized from 1.71 to 2.17 GHz. In general, it could become challenging to achieve good impedance matchings within a wide frequency band, a high isolation, low cross-polarizations and stable radiations simultaneously. To realize the high isolation, a new -shaped strip-fed structure located outside the vertical walls was studied [8] ; broadband, high gain and good radiation performance were found, moreover, a high isolation of over 36 dB was measured. In [12] , low profile ME dipole based on complementary source was reported for mini base station applications. Wide beamwidths and four-port diversity ME dipole antennas were also reported [13] - [15] . On the other hand, differential feeding [16] and frequency reconfigurable techniques [17] are reported for application to the ME dipole antennas.
New technologies in the 5G era such as MIMO, beamforming and so on provide more alternatives to the base station antenna. The ME dipole antenna is promising to develop novel base station antennas with stable radiation patterns for future wireless communications [17] . This kind of antenna has been reported for application to MIMO system [18] . It could be a potential candidate to further extend as antenna array for beam scanning and forming applications. Massive MIMO array based on ME dipole is also studied [19] , including at the millimeter-wave frequencies [20] .
In this paper, a novel dual-polarized ME dipole with cross -shaped probe feedings is presented for sub-6GHz applications. The studied antenna ranges from 3.05 to 4.42 GHz with SWR ≤ 1.5, thus covering the whole N77/N78 band for the sub-6GHz 5G communications. The achieved gains fluctuate from 7.09 to 9.36 dBi and from 6.88 to 9.20 dBi, respectively excited by the two ports, and very stable radiation patterns are observed. The half-power beamwidths (HPBWs) for both horizontal plane (H-plane) and vertical plane (V-plane) are 63 • ±4 • and 67.5 • ±5 • for port 1 excitation and 66.5 • ±4.5 • and 61.5 • ±2 • for port 2 excitation, respectively. As compared with the related reports in the literature, the design presented in this work has some principal similarities with [8] , but here the feeds are differently aligned and the fishtail-shaped radiation elements are proposed to stabilize the radiation patterns in both V-and H-planes. The advantages of the developed antenna are presenting the most stable HPBWs within a wide frequency band from 3.05 to 4.42 GHz under SWR ≤ 1.5, whereas the isolation is less than in [7] and [8] . For further performance comparisons, Table 3 lists some related contributions and this work, which can be found in Section V below.
II. GUIDELINES FOR DESIGN PREPARATION
For a standard ME dipole, it has a length of half wavelength, while the width and height are of quarter wavelengths [2] . The HPBWs are approximately 76 • in both E-and H-planes. To control the HPBWs, here the standard ME dipole is replaced by trapezoid shapes, both for the electric dipole and for the magnetic dipole, as shown in Fig. 1 , where to form a trapezoid, the extra extension along the length is marked as W for the electric dipole as illustrated in Fig. 1(b) . W = 0 corresponds to the standard type, and studies indicate a larger W could yield a lower resonance but, W is small as compared to the wavelength λ of the center frequency f 0 in this study. Therefore, the lowered resonance due to the increased W would very close to f 0 .
To better understand the controlling principle of the HPBWs, the dipole shown in Fig. 1 can be further detached as two parts: a planar electric dipole placed at a quarter wavelength away from the ground and a magnetic dipole with short pin to the ground. Fig. 1(b) shows a half of the electric dipole after detached, where the extra extended area is colored as gray. Further, to facilitate the study, we equivalently formulate this gray triangular area as a rectangular one, as presented in Fig. 1(c) , where the equivalent rectangular area has the side lengths of a quarter wavelength and , respectively. Now, the lowered resonance due to the increased W (thus increased ) could make the electric dipole being slightly electric small since the quarter wavelength shown in Fig. 1(c) is referred to the center frequency f 0 , thus broadening the HPBW at the E-plane based on the radiation characteristics of a standard (basic) electric dipole. On the contrary, the increased here would make the HPBW to be slightly narrowed at the H-plane.
The numerical study on above discussions is recorded in Fig. 2 . As can be observed from Fig. 2 , the HPBWs for Eplane vary from 70.8 • to 92.5 • at 3.7 GHz when W changes from 0 to 10 mm. While for the H-plane, as shown by the dotted lines in Fig. 2 , they are from 75.3 • to 52.6 • under the same conditions. This simply confirms the above analyses and more importantly, it presents us the design insight as to how to control the HPBWs of this kind of dipole.
To realize the dual-polarization, both the magnetic dipole and electric dipole are cut away along the horizontal symmetry plane with a gap width of S as shown in Fig. 3(a) . Further, by rotating the remaining part by 90 • to overlap itself, a dualpolarized ME dipole is constructed, as presented in Figs. 3(b) and (c). Notice that in this process, the overlapped sections are further merged into a whole.
III. ANTENNA DESCRIPTION
The geometry of the proposed dual-polarized antenna is shown in Fig. 4(a) ; it is further detailed in Figs. 4(b)-(d) . The studied dual-polarized ME dipole antenna is composed of a horizontal crossed dipole, a vertically oriented shorted patch antenna, two cross-placed -shaped feedings and a square reflector. The detailed dimensions are listed in Table 1 .
The crossed dipole consists of four fishtail-shaped planar patches that serve as the electric dipole. The vertically placed patches, shorted to the ground and served as the magnetic dipole, are four trapezoidal patches that are folded into 90 • along their symmetry center with a height of H 1 . Each two adjacent vertical patches are separated by a gap S, as shown in Fig. 4(b) . On the other hand, the feeding structure consists of two deformed -shaped probe feedings with the height of H 2 and H 4 . The crossover parts of the two feedings are designed as a convex arch for the upper feeding and a concave arch for the bottom one to reduce the mutual coupling. The arches are with the same dimensions for both the central angle θ = 118.5 • and the radius R. The -shaped probe feedings are non-uniform to achieve better impedance matching. A square reflector has a side length of G = 150 mm. Two SMA connectors are attached under the reflector to excite the two -shaped probes.
IV. PARAMETRIC STUDY
To show the radiation performance of this antenna, full-wave electromagnetic simulations from Ansys HFSS are performed. In this work, the studied antenna is dedicated to N77/N78 band of sub-6GHz 5G applications; therefore, the corresponding frequency range of interest is 3.3 to 4.2 GHz. Based on the above discussions, it is seen the fishtail-shaped corners would play key roles to realize the desired HPBWs, thus the dimension W shown in Fig. 4(b) is studied in detail by parameter sweeping. Fig. 5 (a) presents the achieved HPBWs under port 1 as the excitation when W varies from 0 to 10 mm. It is seen that the larger the corner, the wider the HPBW of the H-plane, while the narrower the HPBW of the V-plane. On the contrary, when port 2 is excited, reversed performance is observed compared with the case for port 1 as the excitation, as illustrated in Fig. 5 (b) . These results are well consistent with the above studies in Section II. By examining the sweeping results, W = 6 mm is determined as the optimal value that formulates the most stable HPBWs.
On the other hand, studies show the two -shaped probe feedings and the gap S between the magnetic dipole are important for impedance matching and port isolations. Specifically, here the two arches marked as L 2 and R in Fig. 4(d) are parameter swept under the rest parameters listed in Table 1 being constant. One can see enlarging the arch (namely increasing L 2 and R) can shift the upper resonance to the lower frequencies, and a better inband impedance matching can be achieved as illustrated in Fig. 6(a) . This is because increasing the arch corresponds to lengthening the coupling path of the probe. Also, enlarging the arch can enhance the port isolation at the cost of a reduced bandwidth. Similarly, a larger gap S can improve the isolation but would deteriorate the impedance matching at the low frequency band, while a smaller gap S reduces the operation bandwidth as depicted in Fig. 6(b) . Therefore, with a tradeoff between the bandwidth and impedance matching, a desired performance can be implemented in which the operation bandwidth can cover the sub-6GHz N77/N78 band.
V. RESULTS AND DISCUSSIONS
With optimal designs, all parameters listed in Table 1 are determined. The prototype of the fabricated dual-polarized ME dipole antenna shown in Fig. 7(a) is measured by using an Agilent N9918A and an anechoic chamber to verify its performance, as described in Fig. 7(b) . It is noted that we use a handmade process to fabricate the prototype demonstrator antenna, where both the -shaped probes and all radiation patches are handmade with the help of scissors. Another notice is that the four holes on the ground shown in Fig. 7(a) are prepared to fix the -shaped probes, but in this demonstration, we found the probes are robust in the measurement, hence to this end, the four holes are standbys.
The performance including SWR, isolation and far-field radiations of the developed prototype is further characterized. Referred to SWR ≤ 1.5, measurements show the achieved bandwidth is ranged from 3.05 to 4.42 GHz for either port 1 or port 2 excitations. Within this range, the measured isolation is better than 17 dB, as recorded in Fig. 8 . As compared to the simulations, the measured lower resonances are slightly shifted to the lower frequencies while almost maintaining the upper resonances for both port excitations; on the other hand, the measured isolation is degraded by 5 dB in general as a result of the problem to keep the -shaped probes completely perpendicular to each other in the fabrication process and other fabrication uncertainties. As shown in Fig. 9 , the antenna gain fluctuates from 7.09 to 9.36 dBi from measurements, which is basically consistent with the one from simulations. Fig. 10 shows the radiation patterns of the antenna from simulations and measurements. It is seen symmetric and stable radiation main beams for both H-and V-planes are observed from 3.1 to 4.3 GHz when either port 1 or port 2 is excited. The measured HPBWs at H-and V-planes for port 1 excitation are 63 • ±4 • and 67.5 • ±5 • respectively, while they are 66.5 • ±4.5 • and 61.5 • ±2 • for port 2 excitation. It is noted that the deteriorated cross polarization at upper margin of 4.3 GHz under port 1 excitation is due to the fact that the probe of port 1 is designed as a convex arch as shown in Fig. 4(a) , namely towards the free space. Moreover, the horizontal section of this convex arch probe could be approximately a quarter wavelength at 4.3 GHz and therefore, such a section would more or less behave as a resonator close to 4.3 GHz (it may be called as quasi-resonance). Consequently, the quasi-resonance behavior could make the cross polarization deteriorated for port 1 excitation at 4.3 GHz. This also validates that the measured port isolation shown in Fig. 8 is slightly poor at 4.3 GHz. But for the sub-6GHz N77/N78 band (i.e. from 3.3 to 4.2 GHz), the achieved performance in terms of the port isolations and cross-polarization radiations is very good. On the other hand, the FBRs under each port excitation are over 20 dB within the frequency band of interest, showing low backward radiations. For detailed comparisons, the measured FBRs and HPBWs of the proposed antenna are tabulated in Table 2 . These results indicate the radiation patterns (namely the HPBWs) maintain good consistency within a wide frequency band. The achieved performance demonstrates the presented antenna can be potential for application to sub-6GHz 5G communication systems.
Further, to illustrate the advantages of the dual-polarized ME dipole antenna proposed in this paper, Table 3 presents the performance comparisons between this work and other previous reports. As tabulated in the Table, it is seen the contributions in [7] , [8] generally exhibit better isolations than those ones listed in the Table, where the stacked architecture would make the fabrication more complex and the return loss is referred to 10 dB [7] or SWR is referred to 2 [8] . The use of cavity backed reflectors [9] - [11] , in general, exhibits un-symmetric and instable radiation patterns. In this work, using the fishtail-shaped electric dipole can realize symmetric radiation patterns in both H-and V-planes and most stable HPBWs within a wide frequency band from 3.05 to 4.42 GHz under SWR less than 1.5, though the isolation is slightly degraded from measurements as reasoned above. 
VI. CONCLUSION
A novel dual-polarized ME dipole antenna excited by -shaped feeding probes has been demonstrated. The proposed antenna has an impedance bandwidth of 37% ranging from 3.05 to 4.42GHz with SWR ≤ 1.5, covering the N77/N78 band for sub-6GHz 5G communications. Results show the fishtail-shaped corners of the horizontal patch play key roles to stabilize the far-field radiations. Meanwhile, symmetric and stable radiation patterns for horizontal and vertical planes, high FBR and low cross-polarizations are observed. It is believed the proposed antenna is a promising candidate for application to modern 5G wireless communication systems. 
